Influences of electron beam (EB) irradiation on the impact value for soda glass were studied by a standard Charpy impact test. EB irradiation below 0.0432 MGy, which was one of short-time treatments of dry process at low temperature, increased impact values of the glass. As the EB irradiation generated dangling bonds at the weaker-bonded metal-oxygen atomic pairs in the soda glass, partial relaxation occurred at points of residual strain near dangling bonds in the network structure mainly constructed with the stronger-bonded metal-oxygen pairs. If the inter-atomic distance of the stronger-bonded metal-oxygen pairs became to be optimum potential curves of the sodium glass, the relaxation should increase the bonding energy of the network structure. Evidently, the increased impact value was mainly due to an increase in the bonding energy for the stronger-bonded metal (Si or Al)-oxygen atomic pairs in the atomic network structure, as well as a relaxation of the network structure.
Introduction
Low-energy electron beam (EB) irradiation, generally applied to enhance hardening and wear resistance of polymer, is a successful surface treatment. To enable freedom from misting and easy sterilization of glassy ceramics, EB irradiation techniques are presently being developed to assist the production of dentist' mirrors, sapphire lenses for endoscopes, diamond windows and silica glass. [1] [2] [3] [4] EB-strengthening methods, caused by annihilation of dangling bonds, have been established for carbon fiber (CF), carbon-deposited carbon fiber (C/C) composite materials and carbon fiber reinforced polymer (CFRP). [5] [6] [7] [8] [9] However, another effect of EB irradiation is the homogeneous activation of surface atoms and the breaking of the chemical bonds between the Si-O pairs in the network structure of a surface layer of silica glass, 4) inducing resistance to fracture under loading in the tightly bonded network structure of silica glass. 10, 11) Furthermore, EB irradiation enlarges the static bending fracture stress and enhances the rigidity of soda glass. 12) When EB irradiation generates dangling bonds at the weaker-bonded metal-oxygen atomic pairs in the soda glass network structure, partial relaxation occurs at points of residual strain in the network structure. It is clear that the increased rigidity is mainly due to an increase in the bonding energy of the silicon-oxygen atomic pairs in the atomic network structure. 4) Knowledge of the Charpy impact value is important for practical use. If EB irradiation generates dangling bonds at weakly bonded metal-oxygen pairs and thus relaxes the network structure of soda glass, it should also enhance its impact value. To confirm if it is possible to strengthen transparent thin glass sheets of the type to be used in process engineering for wide screen liquid crystal TVs, we have undertaken the present study to investigate the possible beneficial effects of EB irradiation on the impact value of soda glass. To clarify the results, ESR observations were used to confirm the existence of dangling bonds.
Experimental

Samples preparation for impact test
The sizes of our soda glass samples (micro-cover glass, Matsunami Glass Ltd., Japan) were 24 mm Â 24 mm Â 0:145 (AE0:005) mm. An ESCA analysis (time/step: 40 ms, probe diameter: 100 mm, pass potential: 23.5 eV, step: 0.1 eV, sweeps 20, 1 kV-30 s) showed the chemical composition ratio of their metal elements (Si:Na:K:Al:Mg:Zn) to be 70.5:13.2:7.6:5.9:1.8:1.0, respectively.
Electron beam (EB) irradiation
The glass sheets were homogeneously irradiated using an electron-curtain processor (Type CB175/15/180L, Energy Science Inc., Woburn, MA, Iwasaki Electric Group Co. Ltd. Tokyo). [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] The specimen was homogeneously irradiated with the electron beam through a titanium thin film window attached to the vacuum chamber, 240 mm in diameter. A tungsten filament in vacuum was used to generate the electron beam at an acceleration potential of 170 kV and irradiating current of 2.0 mA. To prevent oxidation, the samples were kept in a protective one atmosphere of nitrogen gas with a residual concentration of oxygen of below 400 ppm. The flow rate of the nitrogen gas was 20 mL/m at 0.1 MPa of nitrogen gas pressure. Each dose of EB irradiation was applied for only a short time (0.23 s) to avoid excessive heating of the sample; the temperature of the sample surface remained below 323 K just after irradiation. The sample in the aluminum plate holder (0:15 m Â 0:15 m) was transported on a conveyor at a speed of 9.56 m/min. Repeated applications were used to increase the total dose of irradiation. The interval between the end of one period of irradiation and the start of the next was 30 s. The dosage was proportional to the yield value determined from the irradiation current (I, mA), the conveyor speed (S, m/min), and number of irradiations (N). The yield value was calibrated by FWT nylon dosimeters (Far West Technology, Inc. 330-D South Kellogg Goleta, California 93117, California).
Based on the density (: kg/m 3 ) and irradiation voltage (V: kV), the EB irradiation depth (D th : m) is expressed by the following equation.
The surface electrical potential (128 keV) was estimated from the electrical potential (170 keV), the thickness of the titanium window (10 mm; density: 4540 kg/m 3 ) and the distance in the nitrogen gas atmosphere (30 mm; density: 1.13 kg/m
3 ) between the sample and the window. Since the measured density for soda glass was 2430 kg/m 3 (2.43 g/ mL), the EB irradiation depth estimated from eq. (1) should have been 9:16 Â 10 À5 m (91.6 mm) for this material.
Impact test to measure impact value
To evaluate the impact fracture toughness, the Charpy impact values of the glasses with and without EB irradiation were measured using a standard impact fracture energy measurement system (JIS K 7077-1991). The Charpy impact value was expressed by the following equation.
Here, E, W, R, , and 0 are impact fracture energy (kJ), hammer mass (kg), length (m) of hammer weight point from rolling center, start angle before impact, maximum angle after impact, maximum angle of the blank test, respectively. The Charpy impact value (a uc /kJ m À2 ) was expressed by the following equation.
Here, E, b (¼ 0:145 AE 0:005 mm) and t (¼ 24 mm) were impact fracture energy (J), sample width (mm) and span distance (sample thickness, mm), respectively. The distance between supporting points was 11.45 mm.
Evaluation of dangling bonds
To obtain more precise information on atomic-scale structural changes in the glass, the density of the dangling bonds in a sample was obtained using an electron spin resonance spectrometer (ESR, JES-FA2000, Nippon Denshi Ltd., Tokyo). 1, 6, 10, 11) The microwave frequency range used in the ESR analysis was the X-band at 9:45 AE 0:05 GHz, with a field modulation of 100 kHz. The spin density was calculated using a Mn 2þ standard sample.
Results
Impact value
An integrated fracture probability (P f ) is a convenient way to analyze fracture stress value ( f ) quantitatively, and is expressed by the following equation which uses a generalized form of the Median Rank method. 14) P f ¼ ðI À 0:3Þ=ðn þ 0:4Þ ð 4Þ
Here, n and I are the total number of samples and the order of fracture of each sample, respectively. The P f value is applied for impact value and the relationships between the Charpy impact value at different EB irradiation dosages and fracture probability are shown in Fig. 1 . The electron beam irradiation from 0.0432 to 0.216 MGy apparently enhances the impact value at different fracture probabilities. 
Dangling bond formation
From the general X-ray diffraction patterns of the soda glass before and after the EB irradiation, no marked structure changes can be observed. On the other hand, EB irradiation produces detectable dangling bonds. To discuss the influences of electron beam irradiation on the Charpy impact values, ESR signals related to dangling bonds were observed. Figure 3 shows the ESR signals from soda and silica glasses before and after 0.0432 MGy-EB irradiation. In irradiated soda glass, we noted a high density of dangling bonds. A sharp ESR signal was observed in the irradiated silica glass 10, 11) corresponding to dangling bonds of an E-prime center consisting of an Si-O pair; 15, 16) therefore, the high signal from the EB-irradiated soda glass should originate in weaker-bonded metal (Na, Zn and K)-oxygen pairs. Clearly, EB irradiation generates dangling bonds of weaker-bonded pairs in the glass network structure.
Discussion
Influences of EB irradiation on the impact values of soda glass If the Weibull Equation is
assumed to be applicable to the measured Charpy impact value (a uc ), 17) the fracture probability (P f ) depends on the risk of rupture (ða uc À a s Þ=a o ).
In predicting the required impact value of the new structural materials, the Weibull coefficient (m), the expectant impact value (a o ) and the lowest value of impact value (a s ) are key parameters. When the P f values are equal to 0.967 and 0, respectively, the a uc values are defined as a o and a s , as shown in Fig. 4 . Figure 5 shows changes in the correlation coefficient (F) with respect to the potential lowest value of the impact value ( e a s ). The lowest value of the impact value (a s ), applied in the Weibull equation, is determined. When a correlation coefficient (F) shows the maximum value, the a s can be obtained, as shown in Changes in the impact values at the calculated fracture probabilities (P f ¼ 0 (a s ) and 10 À5 (design standard value for air craft materials)) with respect to EB irradiation dosages are also shown in Fig. 4 irradiation, excess EB irradiation above 0.0864 MGy decreases the impact values.
EB-induced enhancement of impact value via dan-
gling bonds formation As shown in Fig. 4 , we have also noted an enhancement of impact value at 10 À5 and 0 (a s ) of P f after 0.0432 MGyirradiation of soda glass. The impact values after 0.0432 MGy-EB irradiation at 10 À5 , 0.033 and 0.963 of P f are 1.9, 1.4 and 1.4 times higher than those before irradiation. The 0.0432 MGy-EB irradiation increases the impact values of the glass to a level about 90, 40 and 40% above those of the sample before irradiation. Thus, the impact values are controlled by the EB irradiation, as assumed after casting.
If the annealed structure of the soda glass is a tightly bonded network, the glass is brittle. On the other hand, EB irradiation provides the 794, 507, 359, 275, 267 and 252 kJ/ mol of energy necessary to break the chemical bonds between Si, Al, Mg, K, Zn and Na-O pairs. 18) If the partial relaxation of the molecular residual strain in the silica glass network structure is due to the EB-created dangling bonds from weaker bonded metal (Na, Zn and K)-oxygen pairs, as shown in Fig. 3 , the EB irradiation probably relaxes the glassy network structure and as a result enhances the impact values. Thus, relaxation is an important factor in intensifying the impact value in soda glass.
When EB irradiation below 0.0432 MGy generates dangling bonds at the weaker bonded metal (Na, Zn, K)-oxygen atomic pairs in soda glass, partial relaxation occurs near dangling bonds in the glassy network structure mainly constructed with the stronger bonded metal-oxygen pairs. If the interatomic distances of the stronger-bonded metaloxygen pairs are optimum in the potential curves, relaxation may increase the bonding energy of the network structure, possibly allowing its rigidity to be enhanced. Both rigidity enhancement and relaxation enhance the impact value, as shown in Figs. 1, 2 and 4 . Evidently the increased impact value is mainly due to an increase in the bonding energy for the stronger bonded metals-oxygen atomic pairs in the atomic network structure, as well as a relaxation of the network structure. They prevent crack growth and propagation near the surface and then enhance the impact value.
On the other hand, although the impact values are almost all above those before irradiation, excess EB irradiation decreases the impact value, as shown in Figs. 2 and 4 . If the excess irradiation is assumed to form the dangling bonds at semi-stronger bonded metal (Mg)-oxygen pairs, as well as at the weaker bonded metal (Na, Zn and K)-oxygen pairs, the excess irradiation also breaks Mg-O pairs in the glass network structure with dangling bond formation. Since the excess density of dangling bonds probably accelerates crack growth, excess EB irradiation from 0.05 to 0.43 MGy decreases the impact value.
The impact values of the samples irradiated from 0.05 to 0.43 MGy are almost all above those before irradiation, since the excess EB irradiation from 0.05 to 0.43 MGy cannot break the stronger bonded metal (Al and Si)-oxygen pairs. If the excess EB irradiation above 0.5 MGy breaks the stronger bonded metal (Al and Si)-oxygen pairs, the impact value is always below that seen before irradiation. to not only relaxation induced by dangling bond formation at the weaker bonded metals-oxygen atomic pairs in the EB irradiated soda glass, but also to an increase in the bonding force between the stronger bonded metal-oxygen atomic pairs in the atomic network structure. This study shows that EB strengthening has potential for application to transparent thin glass sheets anticipated to be used in advanced process engineering.
Conclusion
